Ultra-high molecular weight polyethylene (UHMWPE) has been used in orthopedics as one of the materials for artificial joints in knee, hip and spine prostheses, most of the implanted joints are designed so that the metal of the prosthesis is articulate against a polymeric material, however the main problems is the average life time of the UHMWPE due to wear, and the particles generated by the friction of the metal on the articulation of the polymer are the most common inducer of osteolysis, generating a loosening of the implant leading to an imminent failure resulting in the total replacement of the prosthesis. In this investigation a numerical model of abrasive wear was made using the classic Archard wear equation applied to dynamic simulation of finite element analysis (FEA) of the micro-abrasion test using a subroutine written in Fortran language linked to the finite element software to predict the rate of wear. The results of the numerical model were compared with tests of abrasive wear in the laboratory, obtaining a margin of error below 5%, concluding that the numerical model is feasible for the prediction of the rate of wear and could be applied in knowing the life cycle of joint prostheses or for the tribological analysis in industrial machinery or cutting tools. The wear coefficient (K) was obtained from the grinding tests depending on the depth of stroke of the crater, which was analyzed by 3D profilometry to obtain the wear rate and the wear constant.
Introduction
Wear by contact between surfaces is one of the main causes in the reduction of the life time of the components in industrial machinery, tools and specifically in biomedical parts [1] .
Wear is a process that occurs on the surfaces of solid bodies due to the friction of another body; modifying the macro and micro surface geometry of the structure and the properties of the surface layers; with or without loss of material [2] .
In the work, abrasive wear is simulated; this happens when a surface is damaged by the introduction of a material harder than the base material. The harder material is introduced into the system in the form of particles, which enter externally or can be generated internally by oxidation or other chemical processes.
Previous studies of problems related to wear in knee prostheses suggest that wear debris is capable of initiating inflammatory responses, causing periprosthetic osteolysis and bone resorption at the implant-bone interface [3] . These responses can induce pain and loosening of the implant which leads to revision surgeries and in most cases the total change of the prosthesis.
The biological response to particles in suspension depends on several factors, such as: the number of waste particles of wear, size and shape, the morphology of the wear surface and the speed at which they accumulate in the periprosthetic tissues [4] . Therefore, one of the applications of the tribological tests is to serve as an effective preclinical tool to investigate the wear characteristics of the devices and improve the performance of the implant after surgery [5] .
In the last decade, bio-tribological simulations have been investigated in the areas of knee implants [6] , including simulations of finite element models by computer, and mechanical tests.
Ali M. Alsamhan in his research focused on the control of the duration of life of the artificial knee, with the optimal thickness variable of the polyethylene layer (the commercially available thicknesses are 8, 9 and 10 mm), elaborated a 3D digital model of the prosthesis, and then performed stress concentration analysis in the contact area between the tibial insert of UHMWPE and the metal material of the prosthesis. Predict the maximum effort of Von Mises in the area determining that the thickness of 10 mm is the most advisable to take into account by orthopedist that most times they do not find a decision parameter to select the thickness [7] . wear. Compared the results obtained from the numerical analysis, the mathematical model and the data obtained from the laboratory tests on the polymeric material. Obtained very close results with the three criteria, showing that the developed method is a very useful tool for the application of the most accurate classification analysis of the design, allowing to reduce the use of expensive ex-perimental studies using physical simulators [8] .
In 2014 Marcin Nabrdalik presented an article of numerical analysis of the stress analysis in the wear zones of the knee joint, working with the geometric modification of the tibial insert suggesting a spherical insert [9] .
Marjan Bahraminasab used a biomaterial for the femoral component of the total knee replacement of NiTi material with shape memory alloy to analyze the contact with the joint, the Von Mises stress distribution of the femoral bone was evaluated through the methods of elements finite. Compare results with commercial alloy materials: Cr-Co and Ti-6Al-4V. The results obtained that the NiTi indicates that it reduces the effort eliminating the shielding effect that originates the loosening of the prosthesis in the implant. However, the study has its limitations, the geometry of the implant was not modified and the studies were limited to the condition of static load and not in real conditions of loading in progress [10] .
Hongtao Liu performed tribological analyzes of ultra high molecular weight polyethylene self-reinforced with UHMWPE powder of high strength and high modulus of fiber and hot pressing, an M-2000 tester was used. With the previous methodology, the coefficient of friction and wear was reduced in comparison with pure UHMWPE [11] .
Feng Liu used a computational model for the prediction of wear in hip joint prostheses, it is simulated full cycle to reproduce the wear of the physiological bearing in vitro [12] .
Bernardo Innocenti developed and validated a finite element methodology to predict the wear of ultra high molecular weight polyethylene. The wear model was developed applying an experimental roll-on-plane wear test. Subsequently, the model was developed to predict patellofemoral wear under the same contour conditions of the experimental tests. The developed model assumes importance for its use in the development in the orthopedic clinical field in order to help patients to predict after a knee surgery, in addition to improve the materials of the tibial inserts [13] .
Jonathan Netter used a computational model to predict knee wear, generated in vitro under different conditions. We used reverse engineering with finite element analysis to generate two different designs of total knee prosthesis to determine the wear factors in the polyethylene material [14] . Rodríguez, similar to other authors, is only based on the concentration of efforts for topological modification of the knee prosthesis with the innovation of the development of geometry by axial tomography [15] .
The present investigation refers to the insert in knee and hip joint prostheses, of UHMWEP material and the dynamic simulation in finite element of the abrasive wear mechanism in squat activity condition, a Fortran program of finite element (FE) was created based on Archard's wear law [16] . An adaptive mesh technique was used to simulate wear on the polymer core of the implant. Adaptive meshing captures changes in the articulation surface as the surface wears and deforms. The FE analysis was performed based on the existing wear standards and then compared with simulations performed experimentally. The wear coefficient derived from experimental data was used to calibrate the numerical model.
The difference of our project to the previous ones is that Fortran language programming will be used to predict the wear rate, where the variables to be used will be: sliding distance, normal load and the wear constant. Thus the simulation program could be applied to various types of joint prostheses or extended to parts of industrial machinery.
The literature review concludes that numerical analysis is a powerful tool for modeling and obtaining reliable results quickly, establishing a new methodology to develop implants based on the most common use in health institutions to produce models compatible with the anthropometry of Mexican race.
Methodology
The most commonly used wear model is Archard. This model has been used by Molinari [17] , Podra [18] , Cantizano [19] , Agelet [20] , Hegadekatte [21] . In the implementation of the wear simulation, the Archard wear model proposal has been selected to simulate the friction wear that occurs in the contacts between 
where:
V: volume of wear; A: apparent area subject to wear; F: normal force exerted on the specimen; s: sliding distance; K: is the wear coefficient of Archard (which is obtained experimentally); H: it is the hardness of the softest material. By design, the wear depth h is more convenient than the wear volume V. If we define the depth, h = V/A, and the contact pressure P = F/A. Equation (1) expressed in terms of depth of wear is as follows.
The wear coefficient K was taken from the results of the experimental tests carried out in the laboratory, by definition the Archard wear coefficient, is the fraction of the roughnesses that produce the wear particles, the ratio between the worn volume and the deformed volume [22] .
If both sides of Equation (2) 
where: h w t = : it's the wear rate; s t : it is the sliding speed; P: is the contact pressure.
Equation (3) is the classic wear model developed by F. Archard in 1953 [23] , it does not consider the hardness H of the material, important for the wear between metal surfaces, but it is not an important factor for the wear of polymers [24] . The main variables used for the analysis of wear are the following:
• CSLIP, contact slip variable provides information about the sliding distance relative to the tangential movement of the nodes at the contact interface between the surfaces.
• CPRESS, is the variable of the normal force of contact pressure between the surfaces.
• CSHEAR, friction cutting tension variable, which defines an abrasion contact.
The following flow diagram in Figure 1 shows the steps incorporated into the wear program written in Fortran code.
Equation (3), s/t is the relative slip distance, this parameter is calculated in the model as the tangential movement of the nodes in the contact interface, is CSLIP. Its maximum value is calculated from its CSLIP1 and CSLIP2 components as follows:
The structure of the program developed in Fortran during the simulation of the abrasive wear test is as follows.
The structure generated by the UMESMOTION subroutine integrates the value of the wear constant K, obtained in the abrasive wear tests in the laboratory, this constant changes depending on the conditions of the test, load, sliding distance It is important to mention that for the adaptive meshing it is essential to model the wear surface as C3D8 elements. In addition, non-linear geometries should be used.
These parameters are used together in the Archard wear law equation applied in the program in Fortran language, being finally as follows:
Wearate CSLIP CPRESS h K = = * * (5) Another used subroutine that complements the previous one is the UFIELD was written to show the wear contour as a function of the linear cumulative depth (hs) of the model, which was calculated in each increment of Equation (5). Table 1 shows the depth values of footprint, volume, wear rate and the constant K, which is the coefficient of wear obtained by the Archard wear equations [23] .
Results
The results obtained in Table 1 of the experimental micro-abrasion tests in the condition of 5N-1000 have a wear depth of 0.0115 ± 2.20e−5 mm, the results of the test in the simulation, the wear depth linear is hs = 0.0118 mm. This linear wear depth was calculated as a function of the magnitude of the total displacement Uy. Obtaining a depth of wear in the direction of "y" (see Figure 3 ).
Equation (6) is used to obtain the depth of linear wear in the crater, it is based on the diameter of the rotating ball, and the diameter of the footprint left on the test specimen, depending on the% of abrasive liquid (slurry).
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The simulations that were carried out in finite element were of the tests in the conditions of 5N-1000 and 5N-4000 to take into consideration the minimum and maximum number of cycles of the test in the micro-abrasion tribometer. Table 2 shows the summary of the results of the wear depths obtained in the experimental and simulated tests by means of the link of the Fortran-software program. Table 2 shows the wear values of the simulation which are very close to those obtained in laboratory tests, resulting in a margin of error of 1.69%.
The margin of error obtained by the comparison between laboratory tests and the virtual analysis of the wear depth is less than 5%, so the wear prediction program is validated. The wear depth (mm) was plotted on the Y axis, and the sliding distance (mm) was measured on the X axis.
Graphically (Figure 4 ) observes a similar trend in experimental wear points and by finite element analysis (FEA).
The rate of wear in the finite element analysis program is given by the variable VOLC, which is the change in the volume of a set of elements during adaptive meshing, specifically in the nodes that are in contact with the ball. wear (in the specific case of our geometry is the node located in set 88) ( Figure 5 ). VOLC is Table 3 gives us the comparison of experimental results and the simulation program in the different test conditions.
The results of Table 3 indicate that at cycles greater than 4000 cycles the error decreases considerably, this as a consequence of the fact that the greater the number of cycles, the test stabilizes as a consequence of the roughness of the ball and the test piece, as well as the amount of abrasive substance that is in contact between the ball and the specimen in the experimental test (Contact of three bodies).
The results of the experimental wear rate and that of the FEA program were plotted ( Figure 6 ) taking the Y axis (mm 3 /Nm) as the wear rate and the X axis (in min) as the slip time.
Discussion
The results of the program are based on the data obtained from the depth of the wear crater, the abrasion test experiments were conducted under a given set of input conditions at 1000 and 4000 cycles, taking into consideration the minimum Figure 6 . Lines of experimental wear rate and simulated by finite element in condition 5N-1000. and maximum cycles in laboratory, obtaining the wear coefficient of Archard K, which has been used as data to be introduced to the program. The wear factor is found in a wide range of values depending on the lubricant used or if the test is dry and the surface roughness of the bodies that interact [24] . In the experimental results the volume of wear is very similar to the 1000 and 2000 so the simulation in FEA was performed in the conditions of minimum and maximum cycles.
The coefficient of friction K decreases by 50% when going to the 2000 cycles as shown in Table 1 . 
Conclusion
The program developed in Fortran code based on Archard's law for the calculation of the wear rate at different test distances was validated with the results obtained from the laboratory micro-abrasion tests at cycles of 1000 and 4000, obtaining margin of error below 5%. The value used in the wear coefficient program (K) was obtained from abrasive tests based on the depth of the wear footprint; the program predicts the wear rate with the use of the constants entered directly as they are: normal load, sliding distance (number of cycles) and indirectly the percentage of concentration of the abrasive liquid (slurry). Therefore, the results in the Fortran language program agree that the greater the number of cycles, the less the margin of error with respect to laboratory experimentation.
To improve the reliability of the program, it is recommended that for future work, laboratory tests are performed at cycles below 500 and compared with those obtained in the program, which can be concluded that the numerical model is feasible for the prediction of the rate of wear and could be applied in predictions for obtaining the life cycle of joint prostheses or for the tribological analysis in industrial machinery or cutting tools.
